The purpose of this research is to investigate biosorption characteristics of two cationic dyes, methylene blue (MB) and methyl violet 2B (MV), on breadfruit (Artocarpus altilis) peel and core. Characterization of breadfruit waste was conducted using surface titrations, thermogravimetry, and Fourier transform infrared spectroscopy. The extent of interaction between dyes and each biosorbent was monitored by absorbance measurements, which was then used in isotherm, thermodynamics, and kinetics analysis. Biosorption of MB and MV on breadfruit peel and core reaches equilibrium in 150-180 min. All four systems under investigation (MB-breadfruit peel, MB-breadfruit core, MV-breadfruit peel, and MV-breadfruit core) show similar extent of dye removal of about 80% under the conditions employed. Biosorption of both dyes on both biosorbents follow the Langmuir adsorption isotherm model at the ambient pH, at which the breadfruit surface bears a negative charge. Kinetics of biosorption of MB on breadfruit waste is so fast that it is not possible to determine the order of adsorption kinetics at the concentration level employed. The rate of biosorption of MV on breadfruit waste is smaller and follows pseudo second order kinetics with rate constants of 153.5 and 31.7 g mmol −1 min −1 for peel and core, respectively. Thermodynamics studies conducted for each biosorption system provide negative ΔG Θ , ΔH Θ and ΔS Θ values with the maximum biosorption for MB at the ambient temperature of 24 °C, while that for MV is obtained between 40 and 50 °C. All four biosorption systems show spontaneity and exothermic behaviour to varying degrees.
Introduction
Dyes are used widely in industries, such as textile, cosmetics, food, plastics and paper, and other industries where coloration of objects is needed (Safa and Bhatti 2011; Ahmad and Alrozi 2011; Farah et al. 2007 ). Approximately more than 10,000 dyes are available commercially and more than 7 × 10 5 tonnes of dyestuff are produced yearly (Bharathi and Ramesh 2013a; Elkady et al. 2011; Lee et al. 2006; Rafatullah et al. 2010) . Amount of dyes disposed into the wastewater or natural ecosystem is on the increase, resulting in polluting the water and causing serious problems to the environment. Although dyes are a class of industrially important substances, they are stable and difficult to be degraded once they enter the natural ecosystem (Gupta and Suhas 2009; Uddin et al. 2009; Dogan et al. 2009; Suteu et al. 2009 ). Dye effluents are toxic, not only to the aquatic biota, but also to mankind. Aquatic biota is affected when dyes are present on the surface of water as the extent of photosynthesis of aquatic plants is reduced (Safa and Bhatti 2011; Ju et al. 2008) , while humans are affected as synthetic dyes would cause many health effects (Safa and Bhatti 2011; Rahchamani et al. 2011) .
Methylene blue (MB, C 16 H 18 N 3 SCl) and methyl violet 2B (MV, C 24 H 28 ClN 3 ) are two cationic industrial dyes, which are extensively used in the textile industry ( Fig. 1 ) (Ponnusami et al. 2009 ). Additionally, MV is used in Gramstaining, as an anti-allergen, and as a bactericide (Li et al. 
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37 Page 2 of 11 2010). Despite having vast applications, these two dyes have various harmful effects on living organisms on short periods of exposure (Ponnusami et al. 2009; El-Sayed 2011) . Acute exposure of MB is found to cause increased heart rate, shock, vomiting, jaundice, quadriplegia (paralysis), cyanosis, tissue necrosis and Heinz body formation in humans (Gupta et al. 2011; Kumar and Kumaran 2005) . Ingestion of MB causes burning sensation, nausea, diarrhoea, gastritis, haemolytic anaemia, hyperbilirubinemia and acute renal failure (Rafatullah et al. 2010; Ponnusami et al. 2009; Bhattacharyya and Sharma 2005) . On the other hand, exposure to MV causes skin and eye irritation, and it is harmful if swallowed or absorbed via skin (Li et al. 2010; Mittal et al. 2008) .
Due to environmental and health impacts of dyes, several methods have been developed to remove them from wastewater before they are disposed of to the natural ecosystem. Chemical methods are not suitable for ionic dyes due to their high solubility. Physical methods, which include precipitation, ion exchange, membrane filtration, electrochemical destruction, irradiation and adsorption, lead to the formation of sludge and various by-products. On the other hand, biological methods are unable to remove dyes from effluents effectively. Amongst the above stated techniques, adsorption is one of the best as it provides means of removing different types of colouring materials with the aid of suitable adsorbents, such as granulated or powdered activated charcoal (Fei et al. 2012; Mezohegyia et al. 2012; Lim et al. 2015; Ahmad and Hameed 2010) . As the production of good quality activated charcoal is expensive, low cost adsorbents are being researched upon as viable alternatives.
Biosorption is a physiochemical process that allows foreign substances to bind onto the cellular structure of the biomass. In this context, research on the use of biomass and agricultural waste, in their natural or modified forms, in treatment of wastewater has been increased in recent years (Lim et al. 2014; Tripathi and Ranjan 2015) . For example, activated sludge biomass, containing insoluble metal hydroxides and other salts, has shown a significantly high-dye uptake capacity (Rafatullah et al. 2010; Bharathi and Ramesh 2013b; Otero et al. 2003) . Although biosorption is mainly used for metal binding, this phenomenon can be extended for toxic dye removal as an economical and alternative approach for treatment of industrial wastewater contributing towards environmental remediation. The extent of removal of a pollutant depends on equilibrium and kinetics, both of which are controlled by experimental conditions. Consequently, investigation of biosorption of a pollutant by a biomass is a complex issue. Nevertheless, biosorption is a promising option to conventional processes for the removal of dyes and other pollutants owing to the highly selective and efficient nature of biosorbents (Gupta and Suhas 2009) . Nonetheless, these techniques are still under development.
Biosorption of MB and MV on breadfruit peel and core, which has no economical value, has not been reported to the best of our knowledge. Hence, the study reported here, which is on detailed investigation on parameter optimization, equilibrium and kinetics of interaction of the above two dyes with breadfruit peel and core, would provide useful information on the potential use of these biosorbents for the removal of the two toxic dyes under investigation. Further, molecular level information can be obtained through Fourier transform infrared spectral (FTIR) data before and after sorption.
Materials and methods

Reagents and instrumentation
Chemicals and reagents
Mineral acids (HNO 3 and HCl) were purchased from BDH Chemicals Ltd. and NaOH was purchased from Ajax Chemicals. The dyes used, MB and MV, were purchased from Sigma-Aldrich Corporation. Acids and bases were standardized before they were used in experiments. All experiments were performed at ambient temperature. Instrumentation UV-Vis spectrophotometer (Shimadzu Model UV-1601PC) and FTIR spectrophotometer (Shimadzu Model IRPrestige-21) were used for absorbance measurements of solutions and solids, respectively. Thermogravimetric apparatus (Scinco Instruments Model STA N-650) was used to monitor mass and temperature changes upon firing, and Thermo-Scientific Orion 2 Star Bench-top pH meter was used in monitoring the pH of solutions.
Research methodology
Determination of the surface charge of breadfruit waste A suspension of fine powder of each of breadfruit peel and core of 20.0 g L −1 in 0.10 M KNO 3 solution was stirred for 12 h in a closed container to form a homogeneous suspension. The initial pH of the suspension was lowered to a known pH (3.5) using 0.10 M HNO 3 . The resulting solution was then titrated with 0.10 M NaOH solution until the pH reached 9.5. A back titration was carried out using the same HNO 3 solution to ensure the same changes in pH during the titration.
Preparation of dye solutions
MB (MW = 319.5, reported λ max = 664.4 nm) and MV (MW = 394.0, reported λ max = 584.0 nm) were used without further purification. A stock solution of 1000 ppm of each dye was prepared and diluted with distilled water to prepare diluted standard solutions.
Preparation of biosorbent samples
Samples used in this study were peel and core of breadfruit, which were separated from the fruit, purchased randomly from the local market, and dried in an oven at 80 °C until there was no further mass loss. Although some organic matter may be decomposed at this temperature, complete drying is important for long term experiments and for extrapolating results obtained toward industrial applications. The dried samples were then blended and sieved to obtain the fraction with particle sizes between 355 and 855 μm, and used for experiments.
Optimization of experimental parameters
A sample of 50.0 mL of each dye solution (10 ppm) was treated with 0.10 g of the biosorbent and shaken at 250 rpm at ambient temperature for different shaking times from 30 to 240 min. After shaking, each solution was filtered using a ceramic sieve, and the absorbance of the filtrate was determined at the appropriate λ max value for the determination of the remaining dye content to optimize the shaking time. Then, 50.0 mL of each dye solution was shaken with 0.10 g of the biosorbent for the optimum shaking time, and the contents were allowed to settle for different time periods up to 240 min. Each filtrate was analysed as stated earlier to determine the optimum settling time. The pH of each dye solution (10 ppm) was then adjusted to a value ranging from 2.0 to 9.0, and an aliquot of 50.0 mL of each solution was treated with 0.10 g of each biosorbent for optimum shaking time and optimum settling time. Each solution was filtered, and the filtrate was analysed as stated earlier to determine the optimum pH. Each experiment was performed in duplicate/triplicate, and the average values were reported.
Equilibrium studies of biosorption
Dye solutions of a series of concentrations (0-1000 ppm) was treated with each biosorbent in 1:500 solid/solution ratio, and the optimum shaking and settling time periods were allowed for each system to reach equilibrium. Solutions were filtered, and filtrates were analysed using UV-Vis spectrophotometer. The results obtained were then used for isotherm analysis. The same conditions were used for solutions of 100 ppm MB and 100 ppm MV separately at different solution temperatures varying from ambient value 24 °C to 70 °C to determine thermodynamic properties.
Kinetics studies of biosorption
A sample of 0.10 g of each biosorbent was mixed with 50.0 mL of each dye solution (10 ppm), and the suspension was stirred immediately after mixing. Samples were withdrawn at 1 min intervals until the equilibrium was reached. Each solution was filtered, and the filtrate was analysed using UV-Vis spectrophotometer. Results were then used for the investigation of kinetics models.
Results and discussion
Characterization of breadfruit waste
Surface titration curves obtained for breadfruit peel and core in 0.1 M KNO 3 solution are shown in Fig. 2 . The surface charge density for each addition of NaOH, which is needed for the construction of the curves in the figure, was calculated using a standard equation (Priyantha and Bandaranayaka 2011) . The surface charge of breadfruit peel and core is negative at pH greater than 4.6 and 4.2, respectively. Both the peel and the core would therefore show direct Coulombic attraction toward cationic dyes beyond the above stated pH. It can be further argued that, at the ambient pH of 5.8 for MB solutions of the concentration used, the core would show stronger affinity toward MB as compared to that of peel. Similar argument would hold for MV as well at its ambient pH of 5.2. Consequently, no pH adjustment is necessary for the investigation of adsorption of these dyes.
Thermogravimetric curves constructed for breadfruit peel and core indicate three distinct temperature regions of mass reduction; around 100°C, and in the ranges from 200 to 320 °C, and from 400 to 500 °C. The average mass reductions in these temperature regions are 12, 42 and 21%, respectively. The first mass reduction is due the evaporation of moisture (endothermic), while the other two reductions associated with exothermic reactions are due to the combustion of different types of organic compounds present in breadfruit waste, including phenolic substances and amino acids. The large decrease in mass reduction and energy released are indicative of the organic nature of the biomass. As there are no significant differences between the curves of breadfruit peel and core, the thermogravimetric results of only breadfruit peel are reported (Fig. 3) .
Optimisation of experimental parameters for biosorption of MB and MV by breadfruit peel and core
The extent of biosorption of dyes is affected by experimental factors, such as shaking time, settling time, and the pH of the medium. Thus, the effect of these factors on the extent of biosorption of each dye was investigated to optimize parameters for most efficient biosorption. Effect of shaking time on the extent of removal is an important parameter in the study of biosorption, as it provides the information on time required to reach equilibrium, which would depend on the specific system. Based on the extent of removal-shaking time relationship, performed over a period of 4.0 h, the time required to reach equilibrium was selected as the optimum shaking time for continuation of sorption experiments for each adsorbate-adsorbent system. The time periods selected in this study, as well as for biosorption studies that have been previously reported, are listed in Table 1 . Shorter time period required to reach equilibrium of the MBbreadfruit core system, as compared to that of breadfruit peel could be due to more negative surface charge of the core. However, for comparison of the extent of removal, a shaking time of 180 min was used for each biosorption system. Although the shaking time required to reach equilibrium depends on many factors, such as concentration of the adsorbate, solution temperature, adsorbent/adsorbate ratio, shaking speed, and type and particle size of the adsorbent, the values experimentally determined for 10 ppm dye solutions under the experimental conditions employed are comparable with those reported for many other biosorbents.
The extent of biosorption of MB and MV by both breadfruit peel and core rapidly increases initially and reaches equilibrium after sufficient shaking time period is allowed. At the optimum shaking time, it is expected that the adsorbent/adsorbate system has reached equilibrium, and hence, Hameed et al. (2008) there would be no significant effect of settling time. This was experimentally proven by observing a constant extent of removal determined at the optimum shaking time during a settling time period increased up to 240 min for both dyes on each biosorbent. However, a settling time period of 90 min was chosen in the study of biosorption of both dyes on each biosorbent to ensure that the system is at equilibrium. Medium pH does not significantly affect the adsorption behaviour of dyes in contrast to the situation of the sorption of metal ions. However, structural changes of dyes occur at extreme pH values, and further, H 3 O + competes with adsorption sites at low pH values, thereby affecting the sorption equilibrium. As MB and MV do not change their absorption characteristics within the pH range between 4.0 and 8.0 (Table 2) , subsequent sorption experiments were conducted at respective ambient pH values of 5.8 and 5.2, respectively.
Sorption isotherm studies of MB and MV on breadfruit peel and core
The equilibrium adsorption isotherm provides basic information in explaining the interactive behaviour between a sorbate and a sorbent, which is important in the design and analysis of sorption systems (Maurya et al. 2006; Namasivayam and Sureshkumar 2008) . Figure 4 shows isotherm plots constructed for both MB and MV dyes as a function of the initial dye concentration within the range of 0-1000 ppm. Levelling off the amount of adsorption of each dye on both breadfruit peel and core is indicative of the completion of a monolayer, and prevents further sorption leading to multilayer coverage, which is typical for many adsorption systems on natural adsorbents (Maurya et al. 2008) .
Detailed investigation of sorption equilibria of the above dyes on the biosorbent can be performed through the Langmuir adsorption isotherm model, which assumes that a given site can accommodate only a single sorbent species, limiting the maximum coverage to a monolayer. It is given by, where q e is the amount of dye adsorbed at equilibrium, C e is the equilibrium concentration of the dye, q max is the maximum surface coverage for a monolayer and K is the adsorption isotherm constant. According to Fig. 5 , both MB and MV fulfil the requirements of the Langmuir model on both biosorbents. The isotherm constants of the Langmuir model and respective regression coefficients are shown in Table 3 . The q max values obtained for both dyes on breadfruit core are higher than those on the peel (Table 3) , as predicted earlier according to surface charge-pH variations (Fig. 2) , where the surface charge density of the core is more negative at the pH of investigation. Further, the q max values obtained for the removal of MB and MV by breadfruit waste are higher as compared to those observed for palm kernel fibre and sunflower seed hull (Namasivayam and Sureshkumar 2008; Ofomaja et al. 2011; Hameed 2008) (Table 3) , indicating the superior sorption ability of breadfruit waste for cationic dyes without any carbonization, which is comparable to activated carbon of natural substances. This is further supported by high q max values reported for sorption of MB on jackfruit peel, another Artocarpus variety (Hameed, 2009) , and for sorption of crystal violet on breadfruit skin (Lim et al. 2015) .
Kinetics study of biosorption of MB and MV on breadfruit peel and core
The change in the concentration of each dye due to biosorption on each biosorbent as a function of time measured in short time intervals is shown in Fig. 6 . According to Fig. 6a and b, it takes less than 5 min to remove 50% of the maximum amount of MB removed by breadfruit peel or breadfruit core, indicating that kinetics of biosorption of MB on breadfruit waste is very fast. Consequently, kinetics models cannot be applied under these circumstances. Fast biosorption kinetics of MB on breadfruit waste provides a highly favourable situation for bioremediation of wastewater contaminated with MB. Another attractive feature is that the biosorption is irreversible as the formation of a monolayer is usually associated with chemical bond formation.
Kinetics of biosorption of MV on breadfruit waste is slower according to the rate of change in the amount adsorbed (Fig. 6) . The bulky nature of the MV molecule despite its positive charge, as compared to that of MB (Fig. 1) , is a possible reason for this observation. Due to slower kinetics, the rate constant of biosorption of MV on breadfruit peel or core can be estimated through kinetics models.
The pseudo first order rate equation is expressed as (Akar et al. 2010 ), (2) log (q t − q e ) = log q e − k 1 2.303 t, (2006) where q e is the amount of dye in the solution phase at equilibrium, q t is the amount of dye present in the solution phase at time t = t, and k 1 is the apparent first order rate constant. The pseudo second order rate equation is given by (Akar et al. 2010) , where k 2 is the apparent second order rate constant. It is important that the concentration of one of the reactants should be kept unchanged to consider pseudo order kinetics of a chemical reaction. In the investigation of biosorption of MV on breadfruit peel/core, the concentration of MV can be assumed to be in excess during the initial reaction time period, and hence the change in the concentration of MV is much less as compared to that of the other reactant, i.e., the reactive moieties of the biosorbent. In this context, kinetics data obtained within the first 10-min period after initiation of sorption was used for detailed analysis. Figure 7 shows the pseudo first order kinetics plots constructed using such data. The R 2 values obtained for these plots for both peel and core of breadfruit are not close to 1.000 (Table 4 ). The pseudo second order plots result in higher R 2 values close to 1.000, and hence, the biosorption of MV on breadfruit peel and core is expected to follow pseudo second order kinetics with rate constants of 153.5 and 31.7 g mmol −1 min −1 , respectively (Table 4 ). The rate constants determined in this investigation are higher than corresponding rate constants reported for biosorption of MV on other plant-based materials (Table 4) , confirming the superior biosorption ability of breadfruit waste. As the biosorption of MB and MV on breadfruit peel/core is limited to monolayer adsorption, there is a limited possibility for these dye molecules to transfer to the bulk of the adsorbent, and consequently, intra-particle diffusion would not probably take part in the mass transfer process. Figure 8 shows the FTIR spectra of breadfruit peel and core before and after biosorption experiments. The bands in the regions, 3387-3432, 2929-2930, 1615-1613 and 1019-1020 cm −1 observed before biosorption are assigned to be for stretching vibrations of O-H, C-H, C=O and C-O groups. Interestingly, the intensity of many peaks in the region from 1200 to 1750 cm −1 has significantly decreased after adsorption of MB and MV, which indicates that many organic functionalities with C-O bonds are involved in chemical bond formation during biosorption. The location of new peaks and their assignments for bonding types are given in Table 5 . As the kinetics experiments indicate that biosorption is of pseudo second order, it is suggested that two types of reactive centers be predominantly responsible for biosorption.
FTIR spectroscopic investigation of biosorption
Thermodynamics of biosorption
Adsorption experiments conducted with 100 ppm dye solutions at different solution temperatures ranging from ambient temperature 24 to 70 °C clearly indicate that each dye is preferentially accumulated on the surface of breadfruit particles, leading to high adsorption equilibrium values. This is quantitatively determined by observing negative standard Gibbs free energy change (ΔG Θ ) for adsorption of each dye on each biosorbent within the temperature range investigated providing necessary condition for spontaneity of biosorption ( 
Conclusion
Biosorption of MB and MV on breadfruit peel and core is highly efficient, and not much pH dependent between pH 4 and pH 10. However, competition of H 3 O + occurs in extremely acidic medium, and structural changes of the dyes occur in extremely basic medium, and hence ambient conditions are recommended in biosorption experiments. Biosorption of both MB and MV on breadfruit peel and core obey the Langmuir adsorption isotherm model with high regression coefficients, which favours monolayer coverage, suggesting that chemical bond formation occurs between dye molecules and reactive moieties on the breadfruit surface. Chemical bond formation is supported by observing the appearance of new IR absorption bands during adsorption of the dyes. The average q max values obtained from Langmuir isotherm plots for biosorption of MB on breadfruit peel and core, and that of MV on breadfruit peel and core are 183, 200, 222 and 307 mg g −1 , respectively. Biosorption of both dyes on both adsorbents are spontaneous and exothermic with the maximum extent of biosorption at ambient temperature for MB, while it is observed between 40 and 50 °C for MV. Further, kinetics and thermodynamics of biosorption of MB on both breadfruit peel and core are more favourable as compared to that of MV. The order of kinetics biosorption of MB on the adsorbents cannot be determined due to the high rate, while that of MV on the same adsorbents follows pseudosecond order kinetics with apparent rate constants of 153.5 and 31.7 g mmol −1 min −1 , for the peel and core, respectively. Further improvement of the extent of removal of MB and MV would be possible by chemical modification and/or processing the biosorbent to activate sorption sites.
